Reconstruction of the gravitational wave signal h(t ) during the Virgo science runs and independent validation with a photon calibrator by Accadia, T. & Li, T. G. F.
ar
X
iv
:1
40
1.
60
66
v2
  [
gr
-q
c] 
 3 
Ju
l 2
01
4
Reconstruction of the gravitational wave signal h(t)
during the Virgo science runs and independent
validation with a photon calibrator
T. Accadia1, F. Acernese2,3, M. Agathos4, A. Allocca5,6,
P. Astone7, G. Ballardin8, F. Barone2,3, M. Barsuglia9,
A. Basti5,10, Th. S. Bauer4, M. Bejger11, M .G. Beker4,
C. Belczynski12, D. Bersanetti13,14, A. Bertolini4, M. Bitossi5,
M. A. Bizouard15, M. Blom4, M. Boer16, F. Bondu17,
L. Bonelli5,10, R. Bonnand18, V. Boschi5, L. Bosi19,
C. Bradaschia5, M. Branchesi20,21, T. Briant22, A. Brillet16,
V. Brisson15, T. Bulik12, H. J. Bulten4,23, D. Buskulic1, C. Buy9,
G. Cagnoli18, E. Calloni2,24, B. Canuel8, F. Carbognani8,
F. Cavalier15, R. Cavalieri8, G. Cella5, E. Cesarini25,
E. Chassande-Mottin9, A. Chincarini13, A. Chiummo8,
F. Cleva16, E. Coccia26,27, P.-F. Cohadon22, A. Colla7,28,
M. Colombini19, A. Conte7,28, J.-P. Coulon16, E. Cuoco8,
S. D’Antonio25, V. Dattilo8, M. Davier15, R. Day8,
G. Debreczeni29, J. Degallaix18, S. Dele´glise22, W. Del Pozzo4,
H. Dereli16, R. De Rosa2,24, L. Di Fiore2, A. Di Lieto5,10,
A. Di Virgilio5, M. Drago30,31, G. Endro˝czi29, V. Fafone25,27,
S. Farinon13, I. Ferrante5,10, F. Ferrini8, F. Fidecaro5,10, I. Fiori8,
R. Flaminio18, J.-D. Fournier16, S. Franco15, S. Frasca7,28,
F. Frasconi5, L. Gammaitoni19,32, F. Garufi2,24, G. Gemme13,
E. Genin8, A. Gennai5, A. Giazotto5, R. Gouaty1,
M. Granata18, P. Groot33, G. M. Guidi20,21, A. Heidmann22,
H. Heitmann16, P. Hello15, G. Hemming8, P. Jaranowski34,
R.J.G. Jonker4, M. Kasprzack8,15, F. Ke´fe´lian16, I. Kowalska12,
A. Kro´lak35,36, A. Kutynia36, C. Lazzaro37, M. Leonardi30,31,
N. Leroy15, N. Letendre1, T. G. F. Li4,38, M. Lorenzini25,27,
V. Loriette39, G. Losurdo20, E. Majorana7, I. Maksimovic39,
V. Malvezzi25,27, N. Man16, V. Mangano7,28, M. Mantovani5,
F. Marchesoni19,40, F. Marion1, J. Marque8, F. Martelli20,21,
L. Martinelli16, A. Masserot1, D. Meacher16, J. Meidam4,
C. Michel18, L. Milano2,24, Y. Minenkov25, M. Mohan8,
N. Morgado18, B. Mours1, M. F. Nagy29, I. Nardecchia25,27,
L. Naticchioni7,28, G. Nelemans33,4, I. Neri19,32, M. Neri13,14,
2F. Nocera8, C. Palomba7, F. Paoletti5,8, R. Paoletti5,6,
A. Pasqualetti8, R. Passaquieti5,10, D. Passuello5, M. Pichot16,
F. Piergiovanni20,21, L. Pinard18, R. Poggiani5,10, M. Prijatelj8,
G. A. Prodi30,31, M. Punturo19, P. Puppo7, D. S. Rabeling4,23,
I. Ra´cz29, P. Rapagnani7,28, V. Re25,27, T. Regimbau16,
F. Ricci7,28, F. Robinet15, A. Rocchi25, L. Rolland1,
R. Romano2,3, D. Rosin´ska11,41, P. Ruggi8, E. Saracco18,
B. Sassolas18, D. Sentenac8, V. Sequino25,27, S. Shah33,4,
K. Siellez16, L. Sperandio25,27, N. Straniero18, R. Sturani20,21,42,
B. Swinkels8, M. Tacca9, A. P. M. ter Braack4, A. Toncelli5,10,
M. Tonelli5,10, O. Torre5,6, F. Travasso19,32, G. Vajente5,10,
J. F. J. van den Brand4,23, C. Van Den Broeck4,
S. van der Putten4, M. V. van der Sluys33,4, J. van Heijningen4,
M. Vasu´th29, G. Vedovato37, J. Veitch4, D. Verkindt1,
F. Vetrano20,21, A. Vicere´20,21, J.-Y. Vinet16, S. Vitale4,
H. Vocca19,32, L.-W. Wei16, M. Yvert1, A. Zadroz˙ny36,
J.-P. Zendri37
1Laboratoire d’Annecy-le-Vieux de Physique des Particules (LAPP), Universite´ de
Savoie, CNRS/IN2P3, F-74941 Annecy-le-Vieux, France
2INFN, Sezione di Napoli, Complesso Universitario di Monte S.Angelo, I-80126
Napoli, Italy
3Universita` di Salerno, Fisciano, I-84084 Salerno, Italy
4Nikhef, Science Park, 1098 XG Amsterdam, The Netherlands
5INFN, Sezione di Pisa, I-56127 Pisa, Italy
6Universita` di Siena, I-53100 Siena, Italy
7INFN, Sezione di Roma, I-00185 Roma, Italy
8European Gravitational Observatory (EGO), I-56021 Cascina, Pisa, Italy
9APC, AstroParticule et Cosmologie, Universite´ Paris Diderot, CNRS/IN2P3,
CEA/Irfu, Observatoire de Paris, Sorbonne Paris Cite´, 10, rue Alice Domon et
Le´onie Duquet, F-75205 Paris Cedex 13, France
10Universita` di Pisa, I-56127 Pisa, Italy
11CAMK-PAN, 00-716 Warsaw, Poland
12Astronomical Observatory Warsaw University, 00-478 Warsaw, Poland
13INFN, Sezione di Genova, I-16146 Genova, Italy
14Universita` degli Studi di Genova, I-16146 Genova, Italy
15LAL, Universite´ Paris-Sud, IN2P3/CNRS, F-91898 Orsay, France
16Universite´ Nice-Sophia-Antipolis, CNRS, Observatoire de la Coˆte d’Azur, F-06304
Nice, France
17Institut de Physique de Rennes, CNRS, Universite´ de Rennes 1, F-35042 Rennes,
France
18Laboratoire des Mate´riaux Avance´s (LMA), IN2P3/CNRS, Universite´ de Lyon,
F-69622 Villeurbanne, Lyon, France
19INFN, Sezione di Perugia, I-06123 Perugia, Italy
20INFN, Sezione di Firenze, I-50019 Sesto Fiorentino, Firenze, Italy
21Universita` degli Studi di Urbino ’Carlo Bo’, I-61029 Urbino, Italy
22Laboratoire Kastler Brossel, ENS, CNRS, UPMC, Universite´ Pierre et Marie Curie,
F-75005 Paris, France
323VU University Amsterdam, 1081 HV Amsterdam, The Netherlands
24Universita` di Napoli ’Federico II’, Complesso Universitario di Monte S.Angelo,
I-80126 Napoli, Italy
25INFN, Sezione di Roma Tor Vergata, I-00133 Roma, Italy
26INFN, Gran Sasso Science Institute, I-67100 L’Aquila, Italy
27Universita` di Roma Tor Vergata, I-00133 Roma, Italy
28Universita` di Roma ’La Sapienza’, I-00185 Roma, Italy
29Wigner RCP, RMKI, H-1121 Budapest, Konkoly Thege Miklo´s u´t 29-33, Hungary
30INFN, Gruppo Collegato di Trento, I-38050 Povo, Trento, Italy
31Universita` di Trento, I-38050 Povo, Trento, Italy
32Universita` di Perugia, I-06123 Perugia, Italy
33Department of Astrophysics/IMAPP, Radboud University Nijmegen, P.O. Box
9010, 6500 GL Nijmegen, The Netherlands
34Bia lystok University, 15-424 Bia lystok, Poland
35IM-PAN, 00-956 Warsaw, Poland
36NCBJ, 05-400 S´wierk-Otwock, Poland
37INFN, Sezione di Padova, I-35131 Padova, Italy
38LIGO - California Institute of Technology, Pasadena, CA 91125, USA
39ESPCI, CNRS, F-75005 Paris, France
40Universita` di Camerino, Dipartimento di Fisica, I-62032 Camerino, Italy
41Institute of Astronomy, 65-265 Zielona Go´ra, Poland
42Instituto de F´ısica Teo´rica, Univ. Estadual Paulista/International Center for
Theoretical Physics-South American Institue for Research, Sa˜o Paulo SP 01140-070,
Brazil
E-mail: rollandl@in2p3.fr
Abstract. The Virgo detector is a kilometer-scale interferometer for gravitational
wave detection located near Pisa (Italy). About 13 months of data were accumulated
during four science runs (VSR1, VSR2, VSR3 and VSR4) between May 2007 and
September 2011, with increasing sensitivity.
In this paper, the method used to reconstruct, in the range 10 Hz–10 kHz, the
gravitational wave strain time series h(t) from the detector signals is described. The
standard consistency checks of the reconstruction are discussed and used to estimate
the systematic uncertainties of the h(t) signal as a function of frequency. Finally,
an independent setup, the photon calibrator, is described and used to validate the
reconstructed h(t) signal and the associated uncertainties.
The systematic uncertainties of the h(t) time series are estimated to be 8% in
amplitude. The uncertainty of the phase of h(t) is 50 mrad at 10 Hz with a frequency
dependence following a delay of 8µs at high frequency. A bias lower than 4µs and
depending on the sky direction of the GW is also present.
PACS numbers: 95.30.Sf, 04.80.Nn
1. Introduction
The Virgo detector [1], located near Pisa (Italy), is one of the most sensitive instruments
for direct detection of gravitational waves (GW’s) emitted by astrophysical compact
sources at frequencies between 10 Hz and 10 kHz. It is a power-recycled Michelson
4interferometer (ITF) with 3 kilometer Fabry-Perot cavities in the arms.
The four Virgo science runs (VSR1 to VSR4) accumulated a total of ∼ 13 months
of data between May 2007 and September 2011, with a sensitivity improving towards its
nominal one. The runs were performed in coincidence with the LIGO [2] science runs S5
and S6. The data of all the detectors are used together to search for GW signals. In
case of a detection, the combined use of all the data would increase the confidence of
the detection and allow the estimation of the GW source direction and parameters.
As the mirrors are moving due to environmental noises and in order to achieve op-
timum sensitivity, the positions of the different mirrors are controlled [3] to keep beam
resonance in the ITF cavities and destructive interference at the ITF output port. The
controls modify the ITF response to passing GW’s below a few hundreds of hertz. Above
a few hundreds of hertz, the mirrors behave as free falling masses; the main effect of a
passing GW would then be a frequency-dependent variation of the output power of the
ITF, characterized by the ITF optical response.
The main purposes of the Virgo calibration are (i) to characterize the ITF sensitivity
to GW strain as a function of frequency, Sh(f), (ii) to reconstruct the amplitude h(t) of
the GW strain from the ITF data. It deals with the longitudinal‡ differential length of
the ITF arms, ∆L = Lx − Ly, where Lx and Ly are the lengths of the north and west
arms respectively. In the long-wavelength approximation § (see section 2.3 in [4]), it is
related to the GW strain h by
h =
∆L
L0
where L0 = 3 km (1)
The responses of the mirror actuation to longitudinal controls therefore needs to be
calibrated, as well as the readout electronics of the output power and the ITF optical
response. Absolute timing of h(t) is also a critical parameter for multi-detector analysis,
especially to determine the direction of the GW source in the sky. The calibration
methods and results were described in another paper [7]. The scope of this paper is the
reconstruction of the GW strain time series h(t) from the raw data of the ITF.
The requirements given by the data analysis are first summarized in section 2.
After a brief description of the Virgo detector (section 3) with the main results of
the sub-system calibration, the reconstruction method is explained in section 4. In
sections 5 and 6, different consistency checks of the reconstructed time series h(t) are
then detailed and the way the systematic uncertainties‖ are estimated is given along with
the performances obtained during the 4th Virgo science run (June 3rd to September 5th
‡ The “longitudinal” direction is perpendicular to the mirror surface.
§ Note that the Michelson frequency dependent response computed taking into account the ﬁnite size
of the detector has been described in [14].
‖ In this paper, statistical uncertainties are given as 1 σ values and systematic uncertainties as 2 σ
values.
52011). The last section is dedicated to the validation of the reconstructed h(t) signal with
an independent mirror actuation method using a setup called a photon calibrator. Some
additional studies about the control noise subtraction by the reconstruction method are
described in Appendix A.
2. Requirements from analysis
The reconstructed h(t) time series is used by the data analysis algorithms to search for
GW signals. The search sensitivity should not be limited by the uncertainties in the
reconstructed times series.
The reconstructed time series hrec should be the sum of the possible GW signal
hGW and the noise of the measurement, hnoise. Reconstruction errors might lead to a
bad estimation of the amplitude or of the phase of the signals. In the frequency domain,
one can write, as a function of the frequency f :
hrec(f) =
(
1 +
δA
A
(f)
)
expjδΦ(f)×
(
hGW (f) + hnoise(f)
)
(2)
where δA
A
(f) is the relative error of the reconstructed amplitude, and δΦ(f) is the error of
the reconstructed phase. The phase error can have two contributions: a delay td of hrec
over hGW and a frequency dependent error δφ(f). This leads to δΦ(f) = −2πftd+δφ(f).
Three main types of error can impact the GW searches: (i) the statistical
uncertainties, decreasing when the GW signal strength increases, (ii) the analysis
intrinsic systematic errors, and (iii) the h(t) reconstruction errors. Taking into
account the low signal-to-noise ratio of the expected GW signals in the first generation
interferometers as well as the intrinsic systematic errors, the requirements for the allowed
reconstruction uncertainties are of the order of 20% in amplitude, 100 mrad in phase and
a few tens of microseconds in timing, for each GW detector used in the analysis [8, 9].
3. The Virgo detector
The optical configuration of the ITF is described in figure 1. A solid state laser produces
the input beam with a wavelength of λ = 1064 nm. Each arm contains a 3-km long
Fabry-Perot cavity which is used to increase the effective optical path. The initial
Virgo cavity finesse, F , was 50. The cavity mirrors were changed during spring 2010 to
obtain a finesse of about 150 in the so-called Virgo+ configuration. The ITF arm length
difference is controlled to obtain a destructive interference at the ITF output port. The
power recycling (PR) mirror sends back some light to the ITF such that the amount of
light impinging on the beam splitter (BS) is increased by a factor 40, which improves the
ITF sensitivity. The main signal of the ITF is the light power at the output port. It is
called the dark fringe signal. In practice, the ITF input laser beam is phase-modulated
and the measured photodiode signal is demodulated to extract the light power.
The optical power of various beams and different control signals are recorded as
time-series, digitized at 10 kHz or 20 kHz. In order to analyze in coincidence the
6Figure 1. Optical scheme of Virgo+ and overview diagram of the main longitudinal
control loop. For the actuation channel i: Ai is the actuation response, Oi is the ITF
optical response to the mirror motion. S is the transfer function of the sensing of
the ITF output power PAC , used as error signal. Fi is the transfer function of the
global control loop. The actuation entries are the control signal and the calibration
signal zNi. The sum of both gives the signal zC
mir
i (or zC
mar
i in case of marionette
actuation). The GW signal h(t) enters the ITF as a diﬀerential motion of the two
cavity end mirrors, ﬁltered by the ITF optical response OITF .
reconstructed GW-strain from different detectors, the data are time-stamped using the
Global Positioning System (GPS).
3.1. Sensing of the ITF output power
The longitudinal control scheme adopted in Virgo is based on a standard Pound-Drever-
Hall technique [13, 3] and the laser beam is phase modulated. The main signal of the
ITF is the demodulated output power, called PAC .
The output power of the ITF is detected using two photodiodes. Their signals
then go through analog demodulation electronics, are anti-alias filtered, digitized at
20 kHz and sent into a digital process where they are summed to compute the output
port channel PAC . In the following, the sensing transfer function from the power at
the output port to the measured signal will be called S. Calibration of the sensing [7]
up to 10 kHz results in negligible uncertainties in amplitude and phase, except for a
4µs uncertainty on the absolute timing with respect to the GPS time. Note that this
systematic timing uncertainty is common to all the channels recorded in Virgo. The
gain of the sensing is expected to be 1. Possible deviations are included in the optical
7gain as described hereafter.
3.2. ITF optical response: transfer function shape and optical gain
The ITF output power variations depend on the differential arm length through the
so-called ITF optical response GITF × OITF (f) of the ITF (W/m). OITF (f) describes
the frequency dependence of the transfer function while GITF is the low frequency gain.
The Virgo detector is a Michelson-Fabry-Perot recycled interferometer. In order to
increase the optical path length in the arms, the Fabry-Perot cavities, with finesse F
and length L0, are controlled such that the beam is resonating. In this case, the average
number of round-trips of the beam in the cavity is given by 2F
pi
. Small fluctuations δL
of the cavity length induce phase fluctuations δφFP of the beam reflected by the cavity,
amplified by the number of round-trips: δφFP =
4pi
λ
2F
pi
δL.
When the propagation time of the beam inside the cavity is no longer negligible
with respect to the period of the length fluctuations, the effect of the fluctuations are
averaged over various round-trips. This degrades the sensitivity. The shape of the ITF
optical response has been approximated by a simple pole [14] (with gain set to 1):
OITF (f) =
1
1 + j f
fp
(3)
where fp =
c
4FL0
is the cavity pole frequency (500Hz for Virgo and 167Hz for Virgo+).
There is a fortuitous cancellation of the errors when combining the long-wavelength
approximation (equation 1) for gravitational waves and the simple pole approximation
for the interferometer response to differential length variations. Up to 1 kHz (respec-
tively 10 kHz), the introduced biases¶ are lower than 0.5% (1%) in amplitude. The
phase biases are almost linear with frequency and can be approximated by delays be-
tween −4µs and +4µs, depending on the sky directions: they are lower in the directions
to which the detector is more sensitive to GWs, and have thus a limited impact on the
data analysis. Note that these two approximations are also made in the LIGO h(t)
reconstruction.
The cavity pole frequency, slowly varies with time by ±3.5%. The main source of
variation is the etalon effect in the Fabry-Perot input mirrors which have parallel flat
faces. The variations are monitored and taken into account in the h(t)-reconstruction
process as explained in section 4.3.
The so-called optical gain, GITF , in W/m, contains the gain of the ITF optical re-
sponse and the gain of the dark fringe sensing electronics. During VSR4, typical values
were 5.7×109W/m. It also slowly varies, in particular with the ITF alignment. Its value
¶ These are the maximum bias values estimated towards the sky directions where the interferometer
is the most sensitive, keeping 95% of the total detection volume.
8is monitored from the data in the h(t)-reconstruction process as explained in section 4.3.
Different optical responses Gi × Oi are defined, associated to the responses of the
ITF to variations of the positions of the different mirrors i.
The ITF responses to motions of the end mirrors (NE, WE in figure 1) and of the
beam-splitter have the same shape OITF . The optical gains associated with the motion
of the end mirrors are expected to be equal to GITF , while that associated with the
beam splitter mirror is lower: GBS ∼
GITF
2F/pi
.
The optical response to the PR mirror displacement is expected to be null. How-
ever, due to the Schnupp asymmetry+, in the case where the north and west arms do not
have the same finesse, the optical response has the same shape as for the other mirrors,
with slight differences at low frequency (below a few tens of hertz). In any case, the
gain of the optical response to PR displacement is low compared to the other mirrors
(below ∼ 106W/m).
3.3. Mirror longitudinal actuation
For seismic isolation, all the Virgo mirrors are suspended to a complex seismic isolation
system [10, 11, 12]. The last two stages are a double-stage system with the so-called
marionette as the first pendulum. The mirror and its recoil mass are suspended to the
marionette by pairs of thin wires. At both levels, electromagnetic actuators allow to
move the suspended mirror along the axis of the beam.
The actuation for mirror i converts a digital control signal (hereafter called zCmiri
for the mirror and zCmari for the marionette, in V) into mirror motion ∆Li, through an
electromagnetic actuator and a single or double pendulum filter. The actuation response
(hereafter called Ai) is defined as the product of the electronics response of the actuator
and the mechanical response of the pendulum. Typical gains of end mirror actuation
are 0.7 nm/V at 100Hz, with a f−2 frequency dependence. Once calibrated [7], the
mirror actuation transfer function below 900Hz is known, in modulus, to within 3%
and, in phase, to within 14mrad below ∼ 200Hz and 10µs above. These numbers are
dominated by systematic uncertainties.
3.4. Longitudinal control loop
The main controlled longitudinal degree of freedom is the differential arm length (so-
called ∆L): LN − LW , as shown in figure 1. The ∆L degree of freedom is directly
coupled to the dark fringe signal which senses the GW’s. The ∆L control loop used to
lock the ITF on the dark fringe in science mode (standard data taking conditions) is
summarized in the figure 1.
+ The lengths lN and lW are diﬀerent, see ﬁgure 1.
9The error signal is the ITF output power sensed as PAC (W), readout with response
S. Filters Fi (V/W) are used to define the control signals sent to the different actuation
channels Ai (m/V) in order to keep the mirrors i at their nominal positions. The NE,
WE, BS and PR mirrors are controlled via the mirror actuators. Additionally, the mar-
ionette actuators are used for the NE and WE mirrors. The ITF output power depends
on the mirror position variations through the optical response GiOi of the ITF (W/m).
In 2008, it turned out that the coupling of auxiliary loop noises to the ∆L loop was
not negligible. As a consequence, the noise of the auxiliary loops would limit, below
∼ 100Hz, the Virgo sensitivity when characterized directly in the frequency-domain.
Noise subtraction techniques were implemented in Virgo for all three auxiliary degrees
of freedom such that the residual motion of the auxiliary degrees of freedom does not
contribute to limiting the detector frequency-domain sensitivity [15].
3.5. Calibration lines
As shown in figure 1, a calibration signal zNi can be added to the control signal at
the input of the actuation. In Science Mode, sine wave signals are permanently sent
to the different controlled mirrors: they are called calibration lines. As explained in
the following sections, they are used (i) to monitor the cavity finesse and the optical
gains for the different mirrors and (ii) to monitor the quality of the h(t)-reconstruction
process.
The frequencies of the calibration signals that were injected during VSR4 are
summarized in table 1. The frequency of the lines used to monitor the cavity finesse
and optical gains (∼ 350Hz) is chosen to be at a location where the phase of the optical
response significantly varies with the finesse and where the signal-to-noise ratio of the
line is at least ∼ 100 in order to have low statistical variations of the estimations. The
frequencies of the two other sets of lines used to monitor the reconstructed ht(t) are
chosen (i) in a range where the controls are applied to both mirrors and marionettas,
avoiding the frequency of some interesting pulsars, and (ii) in an intermediate range
where the controls are mainly applied to the mirrors.
4. Reconstruction method
4.1. Principle
The mirrors of the ITF are controlled to keep the detector at its operating point:
in addition to the effect of the gravitational wave signal h(t), control displacements
of the different mirrors modify the differential arm length. As a consequence, the
controlled ITF has a complex frequency-dependent response to GW’s. The filters of
the longitudinal control loop could be modeled to extract directly h(t) from the dark
fringe signal (as done in the LIGO experiment [16]), but another method is used in
Virgo and is presented in this paper. The Virgo reconstruction method for h(t) is based
10
on the subtraction of the control contributions from the dark fringe signal, in order to
recover the signal of a free ITF. This method makes the h(t)-reconstruction independent
of the ITF global control system since the knowledge and monitoring of the Fi filters
are not needed. It also allows to suppress some injected noises such as the calibration
lines and possible noise from the auxiliary control loops.
4.2. Main steps
The dark fringe signal of the ITF, PAC(t), is sensing the effective differential arm length
variations which come partly from the imposed motions of the different controlled
mirrors i, ∆Li(t), and partly from the free variations, L0 × h(t). The variations are
filtered by the frequency-dependent optical responses of the ITF Oi(f). The output
power is sensed through S(f). One can write the following equation in the frequency-
domain:
PAC(f) = S(f)×
{∑
i
[
GiOi(f)×∆Li(f)
]
+ GITFOITF (f)× L0 × h(f)
}
(4)
The mirror motions due to the control system can be computed from the signals
sent to the mirror and marionette actuators, zCi(t), and knowing the actuator transfer
functions Ai(f):
PAC(f) = S(f)×
{∑
i
GiOi(f)
[
Amiri (f)zC
mir
i (f) + A
mar
i (f)zC
mar
i (f)
]
+ GITFOITF (f)× L0 × h(f)
}
(5)
Table 1. Frequencies (Hz) and typical signal-to-noise ratio (SNR) of the calibration
lines injected during VSR4. The SNR have been estimated using FFTs of 10 s. The
SNR of the lines injected on PR was variable, depending on the ﬁnesse asymmetry in
particular; typical values are given here.
Mirror excitations Marionette excitations
NE Freq. 13.8 Hz 91.0 Hz 351.0 Hz 13.6 Hz
SNR 30 60 320 30
WE Freq. 13.2 Hz 91.5 Hz 351.5 Hz 13.4 Hz
SNR 30 60 320 30
BS Freq. 14.0 Hz 92.0 Hz 352.0 Hz –
SNR 4 15 80 –
PR Freq. 13.0 Hz 92.5 Hz 352.5 Hz –
SNR ∼ 3 ∼ 10 ∼ 10 –
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Figure 2. Principle of the h(t) reconstruction. Blue channels are the input time-series.
This equation can be rearranged to give h(f):
h(f) =
1
L0 ×GITFOITF (f)
[
PAC(f)
S(f)
−
∑
i
GiOi(f)
(
Amiri (f)zC
mir
i (f) + A
mar
i (f)zC
mar
i (f)
)]
(6)
This equation is used to compute the h(t) signal with:
• the time-series PAC(t), zC
mir
i (t) and zC
mar
i (t) read from the raw data,
• the mirror and marionette actuation transfer functions, Amiri (f) and A
mar
i (f),
known from the actuation calibration [7],
• the dark fringe sensing response S(f) also known from the calibration [7],
• the optical gains Gi and responses Oi(f) following equation 3, with finesse and gain
extracted from the data as described later in this paper.
Following this equation, the principle of the h(t) reconstruction algorithm is
described in figure 2. The filtering can be processed in either the time-domain or
the frequency-domain. The frequency-domain was chosen since it makes possible the
correction of cavity pole and anti aliasing filters basically up to the Nyquist frequency. It
12
also simplifies the rejection of the low-frequency band (below 10 Hz) without modifying
the phase in the reconstruction band and is used to extract the optical gain on the same
dataset.
The main steps are:
(i) all the data are converted to the frequency-domain: Fast Fourier Transforms (FFT)
are applied on all the input time-series with Hann window, in particular to minimize
the leakage of the calibration lines which are very close. The following steps are
then performed on complex data. The FFTs are 20 s long with an overlap of 10 s
between two consecutive FFTs.
(ii) the large low-frequency components of the data are filtered-out: a high-pass filter
at 9.5 Hz is applied on all the input channels, which is a square window in the
frequency-domain.
(iii) the inverse sensing electronics response S−1(f) [7] is applied on the dark fringe
channel PAC(f): it includes the effect of the anti-alias filters and the delay to the
GPS time used as reference.
(iv) the power variation ∆LWeff , equivalent to the effective differential arm motion
in absolute GPS time, is computed in meters: the inverse ITF optical response
O−1ITF (f) is applied on the channel PAC(f)× S
−1(f).
(v) the mirror motions due to controls, ∆Li(f), at an absolute GPS time, are computed:
the calibrated actuation responses Amiri and A
mar
i are applied to the correction
signals sent to the mirrors and marionettes zCmiri and zC
mar
i .
(vi) the mirror motions are converted to their equivalent dark fringe variations (W),
∆LWi , applying the optical gains (W/m) Gi.
(vii) the power variations for a free ITF is reconstructed, ∆LWfree: the contributions from
the actuators are subtracted from the dark fringe equivalent motion.
(viii) the differential arm motion for a free ITF ∆Lfree is reconstructed applying the
inverse ITF optical gain (m/W) on the previous signal. The ITF optical gain is
computed as the mean of the NE and WE optical gains.
(ix) the result is divided by L0 = 3 km to get the strain h(f).
(x) h(f) is converted back to the time-domain using inverse FFTs. To avoid glitches
at the edges of two consecutive time domain segments due to the small but still
present leakage effect of the FFT, the h(t) stream is produced by combining time
domain segments weighted by a window. The window has been defined such that
it ensures a proper normalization of the two summed signals and it smoothly starts
and ends at 0 to avoid glitches. We checked that with this method no glitches were
detected at the 10 seconds period of the FFT overlapping segments [5, 6].
(xi) the power lines are subtracted in the time domain as described in section 4.4.
The relative contributions of the different input time-series to the h(t) time-series
are shown in figure 3. As expected, the dark fringe signal PAC dominates at high
frequency, where the ITF is not controlled. In the controlled frequency band, up to
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Figure 3. Spectrum of the diﬀerent input time-series involved in the reconstruction,
normalized to the spectrum of the h(t) time-series, measured during VSR4.
a few hundreds of hertz, the main contributions come from the control signals of the
beam splitter and of the two end mirrors. The control signals applied on the marionettes
of the end mirrors contribute mainly below 50Hz. The contribution from the control
signals applied on the PR mirror is lower than 10%.
4.3. Optical responses
The shapes of the optical responses to motions of NE, WE, BS and PR mirrors as well
as the optical gains are estimated altogether from the calibration lines.
The optical gains Gi are the conversion factors from the mirror motions to the dark
fringe signal corrected for the sensing and optical response shape. A line used to excite
a mirror will generate a line in the dark fringe signal. Due to the control system, it will
induce a correction on the other mirrors. Therefore, one needs to take into account this
correlation when extracting the optical gains of the mirrors.
Moreover, the frequency dependence Oi of the optical responses to motions of NE,
WE and BS mirrors is described by a simple pole as given in equation 3. The slowly
varying pole frequencies are monitored using the phase variation of the calibration lines
in PAC . It has been checked with simulations (SIESTA [17]) that the low-frequency
difference in shape of the PR optical response is negligible, in particular since the optical
gain of the PR response is much lower than for the other mirrors. OPR is thus assumed
to have the same shape as for the end mirrors in the reconstruction.
The optical responses are thus estimated solving a set of equations written at the
nearby frequencies of the calibration lines around 350Hz. Assuming that the observed
dark fringe signal at frequency fi is dominated by the calibration line, it can be written
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Figure 4. Optical gains and ﬁnesses estimated online by the reconstruction for
WE, NE and BS mirrors along six days during VSR4 (summer 2011). For better
visualization, the BS optical gain have been multiplied by 2F/π, with F = 150.
as:
PAC(fi) = S(fi)×
∑
j
Gj × Oj(fi)× Aj(fi)× zCj(fi) (7)
The sum is running over all the four controlled mirrors, and possibly the two controlled
marionettes.
This set of equations is solved in the frequency-domain and all quantities are com-
plex. Therefore, the amplitudes of the unknowns give the optical gains Gi while the
phases allow to extract the frequency of the pole Oi. Imperfections in the models Ai or
S will of course induce uncertainties in the estimated values.
Such a set of equations is solved for each new FFT, i.e. every 10 s. The extracted
optical gains are then applied on the corresponding set of data. The statistical un-
certainty of the optical gain is given by the inverse signal-to-noise ratio of the lines in
the dark fringe signal. Their signal-to-noise ratio is of the order of 100 (see table 1),
except for the PR line which was fluctuating over time due to finesse asymmetry vari-
ations. However, the amplitude of the PR line was always low: which means that the
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PR coupling with the dark fringe is small, and therefore the required precision is also low.
The finesse (or pole frequency following equation 3) and optical gains estimated for
WE, NE and BS during six days of VSR4 are shown in figure 4. Different lock segments
are visible. The optical gains and finesses are estimated with statistical uncertainties
of the order of 2% for BS and 0.5% for NE and WE. While it is expected that the
finesse measured via the BS mirror is the average of the finesse of the north and
west arms, it is not the case in the data. The difference can be explained assuming
a relative error in the calibration of BS mirror actuation with respect to the calibration
of NE and WE actuation of 20mrad. This is well inside the systematic uncertainties
of the mirror actuation calibration estimated to 10µs (i.e. 22mrad at 350 Hz) in [7].
As a consequence, the systematic uncertainties on the finesse estimated in the h(t)
reconstruction are of the order of 6%.
Finesse variations of ±2% over the runs are due to different tuning of the etalon
effect in the arm cavity input mirrors with the thermal compensation system [18]. The
optical gain variations, also of the order of ±2%, are mainly related to the alignment
status of the ITF.
4.4. Power line subtraction
The noise generated by the power supplies in Virgo is located at the mains 50 Hz
frequency, and its harmonics. A feed-forward technique is applied to reduce their
contribution in the h(t) signal. The power distribution is permanently monitored in
channel P50Hz . Different steps are performed on 1 s long time-series as described in [19]:
(i) the frequency and phase of the 50 Hz mains are measured from P50Hz,
(ii) theoretical sine waves are built using this phase and amplitude for the main signal
and its first 18 harmonics. The amplitude of the sine waves are derived from the
coupling coefficient between the power line and the h(t) channel measured in the
previous data segment,
(iii) these artificial power line signals are subtracted in the time-domain from the raw
h(t) time-series to produce the final “clean” h(t) time-series,
(iv) the coupling between the raw h(t) signal and the power line is measured to provide
the coupling coefficient for the following data segment.
4.5. Data quality flags and monitoring channels
The quality of the reconstructed h(t) time-series is evaluated in the reconstruction
process every 10 s. The conditions to get a good quality are:
• the ITF is at its standard operating point,
• all needed time-series are available in the data for the previous, current and
following 10 s frames (this is needed by the frequency-domain filtering),
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• the signal-to-noise ratio of the NE, WE and BS calibration lines is above 3,
• the individual finesse extracted for NE, WE and BS optical responses are all in the
100–200 range (for Virgo+ with nominal finesse of 150),
• the P50Hz time-series used for the power-line subtraction is available in the current
10 s frame.
The results of these tests are recorded in time-series sampled at 1 Hz and stored in the
data. During the 2243 hours of the run VSR4, Virgo was in science mode 82% of the
time, from which the overall duty cycle of the h(t) reconstruction was 99.93%. The
independent duty cycles of the h(t) quality criteria are all around 99.99%.
Some monitoring time-series are produced at 0.1 Hz and also stored in the data:
the finesses and the optical gains estimated for the PR, BS, WE and NE mirrors, and
the averaged ITF finesse and optical gain.
5. Consistency checks
Various consistency checks are performed on the computed h(t) time-series in order to
validate the sign of h(t) and to estimate the systematic uncertainties in modulus and
phase. Specific data were taken every week during the Science Runs for this purpose.
5.1. Cavity finesse
The finesse of the Fabry-Perot cavities is estimated independently in the calibration
process studying the shape of the Airy peaks in dedicated data when the arm cavity
mirrors are freely swinging [21]: the finesse is estimated right after the ITF has lost
its standard conditions (in order to reduce the possible finesse variation due to thermal
effects). Systematic errors of the order of 2% have been estimated for this method.
The finesse estimated in the h(t)-reconstruction at the end of the standard condition
segment is then compared to the finesse estimated with the Airy peaks.
The two measurements are well correlated, but with a finesse offset of ∼ 5 between
the two methods during VSR3. Assuming the offset comes from an error in the finesse
estimated during the h(t) reconstruction, its origin would be a phase error in the
calibration at the frequency of the calibration line (fc ∼ 351Hz). A systematic offset of
α rad could be interpreted as a timing mismatch δt = α
2pifc
between the actuation and
the sensing parameterizations, Ai and S, where fc is the frequency of the calibration
line used to estimate the finesse in the reconstruction.
During VSR2, with a nominal finesse of 50, a finesse offset of 1.8 was observed,
indicating a timing mismatch of 7.8µs. Then the mirrors were changed to increase the
nominal finesse to 150: during VSR3, a finesse offset of 5 was observed, indicating a
timing mismatch of 6µs. During VSR4, the finesse could not be properly estimated
from the Airy peak shapes, but the mirrors were the same as during VSR3 and it was
shown that the calibration parameters had not changed between VSR3 and VSR4: as
a consequence, the same offset can be assumed for VSR4.
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Such a timing error is compatible with the systematic uncertainties given on Ai and
S by the calibration procedure. As a consequence, a fine-tuning of the timing in the
parameterizations can be done. Since the origin of this offset is not known, during VSR3
and VSR4, both the timing of the S and Ai parameterizations were modified by 3µs
compared to the initial calibration measurements. The timing uncertainty estimated
later on the h(t) signal takes into account this fine tuning.
5.2. Injections with out-of-loop actuators
A simple way to check that the h(t) signal is correctly reconstructed is to compare it
with a known h(t) excitation applied to the detector. An excitation signal zN is applied
to out-of-loop mirror electro-magnetic actuators. zN can be translated to a mirror
displacement through the calibrated mirror actuation A, or to an equivalent signal hinj .
The transfer function from the injected displacement to the reconstructed signal, hrec(f)
hinj(f)
is expected to have a flat modulus equal to 1 and a flat phase equal to 0. Deviations
give an estimation of the systematic uncertainties of the reconstructed h(t) channel.
Such measurements were performed every week during the Virgo Science Runs, zN
having frequency components in the range [10Hz − 1 kHz]. After having checked the
stability of the measurements over a run, the weekly transfer functions were averaged
to reduce the statistical uncertainties. The results for VSR4 are shown in figure 5.
Except for the frequencies of the power lines, at which a larger dispersion is observed,
the modulus is flat with a variation of no more than ±2% around 1, and the phase is
also flat to within ±30mrad around 0.
In the case there were a common error in the calibration of all the gains of the mirror
actuator responses, it would not be detected by this comparison of the reconstructed
h(t) time series with a signal simulated through the mirror actuators: both the hrec
and hinj signals would have the same error that would be cancelled when calculating
the ratio. In the case of a timing mismatch between the actuation and the sensing
parameterizations used in the h(t)-reconstruction, such transfer functions would have a
non-flat shape around a few tens of hertz, where the contributions of the control signals
and of the dark fringe signal have a similar contribution to h(t).
Note that the h(t) signal is reconstructed from the dark fringe signal and the mirror
control signals, using the corresponding calibration responses without tuning, except for
an additional delay between the dark fringe and the controls.
5.3. Noise level in the reconstructed h(t) time-series
Even if the reconstruction process produces a h(t) time-series with the correct amplitude
and phase, it could still add extra-noise, in particular if the control signals are
not properly cancelled-out in the reconstruction. On the other hand, if the online
cancellation of the control signals in the detector loops is not optimal, a proper h(t)-
reconstruction could remove some of this control noise, as its does for the calibration
lines.
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Figure 5. Average transfer function between the reconstructed h(t) time series and
the h(t) signal simulated in the interferometer via electromagnetic mirror actuators.
The average was performed on the weekly measurements of the transfer function during
VSR4, selecting only the points with coherence higher than 95% between both signals.
The red lines indicate the levels of the h(t) systematic uncertainties derived from the
average transfer function.
In this section, studies computed on Science Run data, when the online cancellation
of control signals was efficient, are shown. Specific data without the online cancellation
are analyzed in Appendix A.
5.3.1. Comparison with frequency-domain sensitivity – An estimation of the noise
added to or subtracted from the h(t)-channel can be made by comparing the h(t)
spectrum to the sensitivity computed in the frequency-domain as described in [7]. The
frequency-domain sensitivity h(f) is computed from the dark fringe channel PAC to
which the detector transfer function has been applied. Such sensitivity measurements
were performed every week during the science runs. Below 900 Hz, the transfer
function was directly taken from the measurements, with statistical fluctuations. At
higher frequency, the transfer function cannot be measured directly: it was therefore
extrapolated by a model fitted on the data between 900 kHz and ∼ 1 kHz and does not
contain statistical fluctuations.
The two estimations of the Virgo sensitivity are compared in figure 6(a). In order
to compare FFT [h(t)] to h(f), their ratio is calculated. Their average, minimum and
maximum values are estimated over each run and shown in figure 6(b). The vertical
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lines indicate the power lines and the calibration lines which are subtracted in the
reconstruction process. No excess noise is observed in the h(t) channel. During VSR4,
various techniques of noise cancellation were applied in the control loops: therefore, the
h(f) sensitivity was not limited by control noise to be subtracted when calculating h(t)
and the ratio is still close to 1 at low frequency. The increase of the ratio by ∼ 2%
around 1 kHz comes from a systematic error in the h(f) estimation since it assumes
that the contribution of the controls are completely negligible above 900 Hz while they
still contribute at the ∼ 2× 1% level as shown in figure 3. The change in the behavior
of the noise at 900 Hz comes from the way the detector transfer function is estimated
when computing the frequency-domain sensitivity curve as explained earlier.
5.3.2. Coherence between h(t) and the control signals – The main control loop of
the ITF described in this paper controls the differential arm length. Other degrees of
freedom of the ITF are controlled to keep it at its operating point: the differential length
of the short Michelson arms, the length of the power recycling cavity, and the common
length variations of the Fabry-Perot cavities. The relevant error signals also contribute
to the longitudinal control signals sent to the different mirrors.
If the control signals are not properly subtracted in the reconstruction process, some
residual coherence is expected between the h(t) time-series and the measured auxiliary
degrees of freedom of the ITF. The sum of the coherences between the h(t) channel and
the three main auxiliary degrees of freedom is shown in figure 7 (bottom). Except for
the power lines, the coherence is pretty low, indicating that the remaining control noise
is small. The behavior of h(t) and of PAC is about the same: it indicates that the control
noises are already properly subtracted in the online loops and that the reconstruction
does not add extra-noise.
5.3.3. Calibration line cancellation – Another way to check that the reconstruction
is working properly and that the control signals are properly subtracted is to look at
the residual amplitude of the calibration lines in h(t). The spectrum of PAC and h(t)
around the three sets of calibration lines are shown in figure 8.
The optical gains and cavity finesse have been extracted from the set around 350Hz.
Therefore, a good cancellation is expected in this band, except if there is some phase
error (time mismatch) in the actuation or sensing models. The cancellation is indeed
compatible with the statistical limitations due to the finite signal-to-noise ratio of the
calibration lines: the NE and WE lines are cancelled at the 99% level and the BS
line at the 97% level. The cancellation factors at the other calibration lines are also
compatible with statistics: 97% and better than 95% for the NE and WE lines around
90Hz and 12Hz respectively, and 90% and better than 75% for the corresponding BS
lines. It indicates that the models are correct in the most critical frequency band of
the reconstruction, where the control signals and the dark fringe signals have similar
contributions to h(t).
The PR control signals are cancelled by less than ∼ 50%, due to their difference in
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(a) Comparison of overlaid sensitivities.
(b) Comparison of sensitivities: ratio. variations during VSR4.
Figure 6. Comparison of detector sensitivity curves estimated during VSR4 from
the dark fringe signal and the interferometer closed-loop transfer function (red curve
in (a)) and as the spectrum of the reconstructed h(t) time series (blue curve in (a)).
(b): the ratio of both sensitivity estimates has been performed on a weekly basis. The
average ratio (black), minimum value (green) and maximum value (blue) estimated
over all the VSR4 measurements are shown.
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Figure 7. Coherence between the sum of the control signals and h(t) (red) or PAC
(black).
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Figure 8. Spectrum of h(t) (red bold curve) and normalized spectrum of the dark
fringe signal PAC (black thin curve) around the three sets of calibration lines, with
FFTs of 50 s. The frequencies of the calibration lines are summarized in the table 1.
The lines at 90.5 Hz and 350.5 Hz are calibration lines from the photon calibrator, not
subtracted in the h(t) channel.
model, but their contribution is much lower. As a consequence, they do not add a large
fraction of extra-noise in h(t).
6. h(t) uncertainty estimation
The consistency checks described in the previous section have shown that no significant
bias was found below 1 kHz in the amplitude and phase of the reconstructed h(t) channel
(section 5.2) and that the h(t) time series does not contain extra-noise (section 5.3).
Below a few hundreds of hertz, the h(t) channel is reconstructed as a complex
combination of different and correlated signals after the application of different
calibrated transfer functions. It is thus difficult to estimate an uncertainty from the
propagation of the individual uncertainties on the channels and their calibration. A
global way to estimate the uncertainty relies on the comparison of the reconstructed h(t)
signal with a calibrated signal hinj(t) injected into the detector as shown in section 5.2.
This method only applies up to 1 kHz since the injected signal is not calibrated at higher
frequencies. At higher frequency, the control signals contribute by less than 1% to the
h(t) signal. Therefore, in this frequency band, the systematic uncertainty comes only
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from the sensing model, the uncertainty on the optical gain, and the uncertainty on the
optical model which is small since we are well above the cavity pole.
The estimation of the systematic uncertainties on the amplitude and phase of the
h(t) time series in both frequency ranges are given below.
6.1. Amplitude uncertainties
Below 1 kHz, the comparison of h(t) with hinj(t) shown in figure 5 is within 2% in
amplitude. The systematic uncertainty of the actuation model used to determine hinj
is 5% and the error due to the long-wavelength regime approximation and the simple
pole approximation of the optical response is lower than 0.5%. Therefore the systematic
uncertainty on the h(t) amplitude is 7.5% below 1 kHz.
Above 1 kHz, the systematic uncertainty comes from:
• the optical gain, with an uncertainty of 6%: statistical uncertainties of 1% are
estimated from the signal-to-noise ratio of the calibration lines used to extract the
optical gains. Moreover, the calibration uncertainty on the mirror actuators is of
5%.
• the sensing of the PAC channel, with an uncertainty of 0.5% in amplitude: the
electronic response is flat to within better than 0.5% in the 1 Hz–10 kHz band
since the analog anti-aliasing filter has a much larger cut-off frequency of around
100 kHz.
• the shape of the optical response OITF : 1%, coming from the 6% systematic
uncertainties on the cavity finesse shown in section 5.1,
• the long-wavelength regime and simple pole approximation: 1%
The sum of all the uncertainties gives an uncertainty of 8.5% on the amplitude of the
h(t) time series above 1 kHz, slightly larger than at lower frequencies.
6.2. Phase uncertainties
As was the case for the amplitude uncertainty, the measurements shown in figure 5
indicate that the phase of h(t) is properly reconstructed within 30 mrad below 1 kHz.
The systematic uncertainty of the actuation model is 20 mrad. Therefore, the systematic
uncertainty on the h(t) phase is 50 mrad below 1 kHz.
Above 1 kHz, the main systematic uncertainty comes from the timing calibration
of the sensing of PAC , estimated to be 4µs. The 6% uncertainties on the cavity finesse
induce less than 1.5µs uncertainty in the h(t) channel above 1 kHz. As explained in
section 5.1, the channel PAC was delayed by 3µs in order to match the correct finesse.
This systematic bias must be added to the uncertainty on h(t) timing. As a consequence,
the timing uncertainty on the h(t) time series is estimated to be ∆td = 8µs.
Additionnally, due to the long-wavelength regime approximation and the simple
pole approximation of the optical response, the reconstructed h(t) might be biased, by
less than 4µs, depending on the sky direction of the GW.
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6.3. Uncertainty summary
The h(t) reconstructed time series is valid from 10 Hz up to the Nyquist frequency of
the channel used, i.e. up to 2048 Hz, 8192 Hz or 10000 Hz. In this validity range, the
systematic uncertainty on the h(t) amplitude is:
∆A(f)/A(f) = 7.5% below 1 kHz and ∆A(f)/A(f) = 8.5% above
Adding the timing systematic uncertainties and the low frequency phase uncertainty
together, the systematic uncertainties on the phase of h(t) can be defined, as a function
of frequency:
∆Φ(f) = (50× 10−3 + 2πf∆td) rad, with ∆td = 8µs
with an additional bias, lower than ±4µs, depending on the sky direction.
7. Consistency checks with the photon calibrator
In section 5.2, we showed how the reconstructed h(t) can be checked with respect to
a differential arm length signal injected into the ITF. However, the check with signals
injected through the electro-magnetic actuators is limited, in particular a common error
on the calibrated gains in all the actuators would not be detected by this method.
The same principle can be used, but with an independent mirror actuator: the
so-called photon calibrator (PCal). Similar setups were also installed in GEO [22] and
LIGO [23, 24, 25]. The principle of the PCal setup is described in this section and
a simple consistency check of h(t) performed up to ∼ 400Hz is done. Then, a more
complicated analysis used to check h(t) up to ∼ 6 kHz is detailed.
7.1. Principle and calibration of the photon calibrator
The PCal is based on a ∼ 1W auxiliary laser (of wavelength 915 nm) used to apply a
force on a mirror by radiation pressure. In Virgo, the setup was installed around the
NI mirror such that the PCal beam pushes NI from the inner side of the Fabry-Perot
cavity. A photodiode is used to monitor the power of the auxiliary laser reflected by the
NI mirror, Pref , and thus to estimate the force F applied on the mirror as:
F =
2 cos(i)
c
Pref (8)
where i is the incidence angle of the auxiliary laser on the mirror and c the speed of light.
The setup is such that the auxiliary laser beam is generated outside the vacuum
chamber and sent towards the center of the NI mirror through a viewport. The NI mirror
reflects ∼ 90% of the incident beam power, and ∼ 10% of the beam is transmitted. The
reflected and transmitted beams are measured outside the vacuum chamber through two
other viewports. The transmission coefficients of the viewports and their homogeneity
were measured with the auxiliary laser before their installation on the vacuum chamber.
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The monitoring photodiode was calibrated as a function of the reflected power
Pref , using a NIST-calibrated power-meter. Systematic uncertainties of ∼ 5% on Pref
has been estimated from the power losses measured between the injected power and the
transmitted and reflected powers. Different measurements for the power calibration of
the photodiode were done in October 2010, after VSR3, and in November 2011, after
VSR4. Each calibration campaign resulted in a systematic uncertainty on Pref close to
5%, and the calibration was found to be stable to within 2% during one year.
The angle of incidence was estimated at 37.48◦ ± 0.41◦ during VSR3 and VSR4,
leading to 0.6% uncertainty on the force. This study has also shown that the PCal beam
hits the NI mirror center to within 2 cm.
As a consequence, the systematic uncertainty on the force applied on the NI mirror
estimated from the time-series monitoring Pref is between 5% and 6%.
Additionally, the delay introduced by the photodiode readout electronics has been
measured to be 51.2 ± 1.0 ± 4.0µs, where the 4.0µs uncertainty coming from the cali-
bration of the Virgo timing system [7] is the same for all the time-series of the Virgo data.
The force is applied modulating the PCal laser power between a few tens of hertz
and a few kHz. The NI mirror motion ∆x induced by a sinusoidal force of amplitude ∆F
at frequency f applied on the mirror can then be estimated from the mechanical model
H of the suspended mirror of mass m = 21.32± 0.02 kg with cables of length l = 0.7m:
∆x = H×∆F . Assuming that the mirror is a rigid body, which is valid for frequencies
below ∼ 400Hz, the mirror motion is, at frequencies well above the pendulum resonance
frequency f0 = 0.6Hz,
∆xrigid(t) = −
1
m
1
(2πf)2
×∆F (t) = −
1
m
2 cos(i)
c
∆Pref(t)
(2πf)2
(9)
where ∆Pref(t) is the calibrated amplitude of the power reflected by the mirror and f
is the PCal laser modulation frequency. The limitation of this model was first seen in
the GEO interferometer [26].
Finally, the optical response of the ITF to a motion of the NI mirror must be taken
into account in order to estimate the equivalent strain hinj(t) injected into the ITF via
the PCal. The motion of the NI mirror modifies both the differential arm length, as
expected, but also the length of the short Michelson. As a consequence, the optical gain
of the NI mirror motion is slightly lower than for the end mirrors.
7.2. Validation of the sign of h(t)
The sign of the h(t) channel must be consistent between the different detectors since
coherent analysis of their data are sometimes performed when searching for gravitational
wave sources. The h(t) channel was defined in common with LIGO as:
h(t) =
Lx − Ly
L0
(10)
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where Lx and Ly are respectively the north and west arm lengths for Virgo.
The PCal setup was installed around the NI mirror such that the force pushes
NI towards the exterior of the Fabry-Perot cavity. Above its resonance frequency of
0.6Hz, the pendulum mechanical response induces a phase shift of −π between the
force applied on the mirror and the mirror motion. Therefore, when the force increases
towards the exterior of the cavity, the NI mirror moves such that the cavity length Lx
decreases. It has been checked that the phase of the transfer function from the force to
h(t) is −π within a statistical uncertainty of ∼ 1mrad. It confirms that the sign of the
reconstructed h(t) time-series is correct. Note that this result does not depend on the
calibration of the PCal.
7.3. Simple consistency check below 400 Hz
Injections of signals between 10 Hz and 1 kHz in the ITF via the PCal were carried
out during a campaign after VSR3, and every week during VSR4. The comparison of
the reconstructed channel hrec to the injected strain hinj is shown in figure 9, using
the simple mechanical model described above. This model allows to convert the force
applied with the PCal on the NI mirror to an equivalent strain signal hinj without any
free parameter, up to ∼ 400Hz. The amplitude ratio is found to be 0.92 during VSR3
and 0.93 during VSR4, with uncertainties of the order of 0.10, and the phase difference
is close to 0, with uncertainties of the order of 50 mrad.
In conclusion, the analysis of the PCal injections has validated the h(t)
reconstruction and the associated uncertainties in the range 10 Hz to 400 Hz.
7.4. Large-band consistency check, up to 6 kHz
PCal injections were performed up to 1 kHz during VSR3, and up to 6 kHz during VSR4
and the fall of 2011. In order to analyze these injections, a more complete model of the
mechanical response of the suspended mirror must be used: the internal deformation
modes of the mirror have to be taken into account [26].
7.4.1. The mechanical model – In this model, the effective longitudinal motion of the
mirror center is described as the sum of its motion as a rigid body and of the effective
motions due to the internal modes m:
∆xeff = ∆xrigid +
∑
m
∆xm (11)
For a given mode, the effective motion induced by a sinusoidal force of amplitude ∆F
at frequency f and pushing the mirror at position ~r can be described as:
∆xm(f) = Rm(I,G)× Gm × Cm(~r, f)×∆F (~r, f) (12)
where:
• Gm is the “geometry” of the mirror surface deformation for the mode. The main
modes of the mirror [27] are (i) the drum modes which have a maximum of the
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Figure 9. Comparison of hrec to hinj during VSR4. The statistical errors are
negligible. Error bars indicate the systematic uncertainty of hinj , assuming that the
mirror is a rigid body. The colored areas indicate the systematic uncertainties of hrec
(without the 4µs that are present in both signals).
deformation amplitude at the center of the mirror, and (ii) the butterfly modes
which have a null deformation at the center of the mirror.
• Cm(~r, f) is the coupling between the applied force and the mirror mode at frequency
f . The frequency dependent part of the coupling is described as a second-order low-
pass filter with the cut-off frequency f0,m at the resonant frequency of the mode
and a quality factor Qm. The absolute coupling level depends on the distribution of
the force on the mode geometry: as the PCal beam hits the mirror at its center to
within 2 cm, the drum modes must be excited while the butterfly modes excitation
must be low. The parameters of the mirror internal modes were estimated with
finite-element simulations [27]: the first drum modes resonant frequencies f0,m are
around 5670 Hz and 15670 Hz, with quality factors Qm of the order of 10
5.
• Rm(I,G) is the coupling between the mirror surface deformation and the
interferometer. The ITF beam illuminates only the central part of the mirror
and senses its deformations with a weight function given by its Gaussian intensity
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distribution I. As a consequence, the ITF converts the mirror deformation into an
effective longitudinal mirror motion. As I is centered on the mirror within better
than 1 mm, this coupling is strong for the drum modes but it is expected to be low
for the butterfly modes. Finite-element simulations have confirmed that they can
be neglected.
The resonance of the higher order modes n, with high frequency, cannot be observed in
the data sampled at 20 kHz, but might contribute at low frequency through a frequency-
independent gain between the force and the effective mirror motion. This effective gain
is given by the low-frequency part of GHOM =
∑
nRnGnCn.
The violin modes of the suspended mirror are also part of such a model. However,
they contribute only close to their resonant frequencies and they are neglected in the
following analysis.
Table 2. Results of the diﬀerent ﬁts of the mirror modes above 4800 Hz.
Step Mode f0 (Hz) Q G
norm
m P(χ
2)
(i)
Drum- 5671.2475± 0.0001 400300± 6700 0.1653± 0.0004
35.1%Violin 5674.2221± 0.0024 363000± 43000 0.0070± 0.0003
Drum+ 5675.6054± 0.0010 188000± 34000 0.158± 0.001
(ii) HOM – – 0.670± 0.014 6.6%
7.4.2. Determination of the mechanical model parameters – At this point, the complete
model that allows to convert the force applied with the PCal on the NI mirror to an
equivalent strain signal hinj has some unknown parameters: the resonant frequencies
and quality factors of the mirror internal modes, and their effective coupling (RGC).
The PCal data confirmed that the first drum mode is visible. In practice, as shown in
figure 10, the drum mode is split in two modes, separated by 5 Hz due to geometrical
asymmetries of the mirror. A third mode is visible in between: it has been identified as
coming from a coupling between the drum modes and the 13th violin mode. This violin
mode had therefore been taken into account in the analysis.
In this analysis, the only assumption concerning h(t) is that any bias in the
reconstructed channel is frequency-independent in the range 4800 Hz to 5680 Hz. This
is reasonable since the ITF is free in this frequency range such that the shape of the
conversion from PAC to h(t) depends only on the dark fringe sensing S, with a flat
modulus within 0.5% in this range, and on the ITF optical model OITF , with a simple
f−1 modulus shape in this range. The analysis is done by adjusting the following free
parameters around the resonance peaks seen in the transfer function H from the force
applied on the NI mirror, estimated from the monitoring photodiode channel, to the
mirror motion, estimated from the h(t) channel during VSR4:
(i) the three resonant frequencies f0,m and three quality factors Qm of the three modes
observed in the data, as well as their three relative coupling factors Gnormm , are fitted
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Figure 10. Transfer function H from the force applied on the mirror via the PCal
to the mirror motion. The absolute values of the y-axis were not used in the analysis
described in the paper. Blue points: data. Blue, light blue and green lines: ﬁtted
responses for the two drum modes and the violin mode of NI. Red line: full response.
in the range 5670 Hz to 5677 Hz, on the transfer function∗ H.
(ii) the coupling factor of the higher-order mirror modes relative to the three observed
modes, GnormHOM is fitted on the transfer function H in the range 4800 Hz to 5500 Hz.
The resulting fits of steps (i) and (ii), as well as their χ2 probability, are summarized
in table 2.
(iii) at this point, the model can be written
∆xeff = ∆xrigid + (13)
Gmodes × (∆x
norm
Drum− +∆x
norm
Drum−V iolin +∆x
norm
Drum+ +∆x
norm
HOM )
where the only remaining free parameter is Gmodes =
∑
mGm. It can be determined
precisely from the frequency of the notch observed at fN = 2035 ± 2 Hz since
∆xeff (fN) = 0. Note that this determination is completely independent of the
∗ A phase oﬀset of -322mrad was added to match the phase in this range, which would corresponds
to a delay of 9µs.
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Figure 11. Mechanical model (red curve) for the PCal injections from 10 Hz to 6 kHz
as measured by the ITF. The blue points are extracted from the PCal injections for
comparison. Only the points between 4800 Hz and 5680 Hz and the notch frequency
fN were used to determine the free parameters of the model.
h(t) reconstruction as it can be estimated from the PAC channel. It results in
Gmodes = (2.714± 0.006)× 10
−10m/N.
After this analysis, the mechanical model of the PCal response is determined without
any free parameters in the range 10 Hz to 6 kHz. It is shown and compared to the data
in the figure 11. One can thus estimate the equivalent strain hinj =
∆xeff
L
injected via
the PCal up to 6 kHz.
7.4.3. Analysis of the PCal injections – The comparison of the reconstructed channel
hrec to the injected strain hinj during VSR4, using the mechanical model extracted in
the previous section, is shown in figure 12. The amplitude ratio is found to be flat
around 0.93 with uncertainties of the order of 0.10. The phase difference is close to 0,
with uncertainties of the order of 50 mrad at low frequency. At few kilohertz, the bias
due to the use of the simple pole approximation for the response to a mirror motion is
expected to start being visible in this comparison as a delay of less than 10µs. A small
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Figure 12. Comparison of hrec to hinj during VSR4. hinj was estimated using the
full mechanical model that includes the mirror internal modes. Error bars indicate the
systematic uncertainty of hinj . The colored areas indicate the systematic uncertainties
of hrec (without the 4µs that are present in both signals).
discrepancy, of the order of 2µs, between hrec and hinj phases appears above 5 kHz,
but the fluctuations of the measured phase do not allow to firmly conclude whether it
is linked to this bias.
In conclusion, the independent check of h(t) with the PCal was performed up to
6 kHz during VSR4. It has shown that the amplitude and phase of h(t) are correct, as
well as the associated uncertainties.
7.5. Stability of h(t) during VSR4
Two calibration lines were sent to the ITF through the NI PCal during VSR4, at 90.5 Hz
and 350.5 Hz, with a signal-to-noise ratio of the order of 100 and 60 respectively when
integrated over 10 s (in addition to the lines described in table 1). Such permanent
injections allow to study the stability of both the reconstruction of h(t) and the PCal
setup and calibration. In particular, during VSR4, two hardware modifications could
have had impact on the reconstruction: (i) the actuation electronics Ai was modified on
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July 19th 2011, and (ii) the dark fringe photodiode readout electronics S was modified
to be able to switch between the initial electronics path and a path with an additional
filter. The switch between the two configurations was automated, starting from June
16th 2011.
The transfer function from the PCal monitoring photodiode channel to the h(t)
channel was measured at both frequencies and averaged over 2 minutes. The data with
a coherence between both channels higher than 0.9999 were selected. The modulus
and phase of the transfer function at both frequencies were stable during VSR4 within
statistical uncertainties of 1% in modulus and 9µs in phase. These measurements imply
that the reconstruction was stable to within these statistical uncertainties during VSR4,
including the h(t) reconstruction updates following the hardware modifications.
8. Summary
The Virgo method used to reconstruct the gravitational wave strain h(t) from the
interferometer data has been described. One of its main features is that it does not
rely on the evolution of the filters of the global control of the interferometer. Another
advantage is that the control noises are subtracted, with rejection factors of the order
of 100. The reconstruction was running during the four science data taking periods
between 2007 and 2011, with a dead-time as low as 0.07%. The reconstructed h(t)
channel and its associated amplitude and phase uncertainties have been validated with
several consistency checks, as well as with the independent calibration method based
on the photon calibrator installed in Virgo. From 10 Hz to 1 kHz, the systematic
uncertainties have been estimated at 7.5% in amplitude, increasing up to 8.5% at
10 kHz. The phase systematic uncertainties have some frequency dependence, starting
from 50mrad at 10 Hz and increasing following a delay of 8µs at high frequency. An
additionnal bias, lower than 4µs, depending on the sky direction of the GW, is present
due to the combination of the long-wavelength interferometer and the simple pole cavity
approximations. This is well within the constraints given by the data analysis on the
calibration and reconstruction uncertainties. Moreover, the h(t) channel was available
online for data analysis pipelines with a latency of 20 s.
The calibration uncertainties of the Virgo photon calibrator are slightly larger
than that of the standard calibration methods. It allows a direct check of the sign
of the reconstructed h(t) channel compared to the definition taken in agreement with
other experiments such as LIGO and a simple validation of the reconstruction and its
uncertainties up to a few hundreds of hertz. Moreover a more detailed analysis of the
Virgo PCal data allowed to validate h(t) above 1 kHz, which cannot be done by the other
techniques. The injection of permanent calibration lines in the interferometer with the
PCal also permit to confirm the robustness of the calibration and h(t) reconstruction
with respect to different hardware modifications during VSR4.
The same reconstruction method is intended to be used for the next generation of
detector currently under construction, Advanced Virgo. If data analysis requires the
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latency be reduced below a few tens of seconds, the method will still be applied but in
the time-domain directly. The upgrade of the method still has to be studied to adapt
it to the addition of the signal-recycling mirror in the second phase of Advanced Virgo.
The independent calibration method using the PCal will also be upgraded for Advanced
Virgo, with the goal of reducing the power calibration uncertainties.
References
[1] T. Accadia et al (Virgo collaboration), Journal of Instrumentation 7, (2012) P03012, Virgo: a
laser interferometer to detect gravitational waves
[2] B. Abbott et al. (LIGO collaboration), Rep.Prog.Phys. 72 (2009) 076901, LIGO: The Laser
Interferometer Gravitational-Wave Observatory
[3] T. Accadia at al. (Virgo collaboration), Astroparticle Physics 34 (2011) 521 527 Performance of
the Virgo interferometer longitudinal control system during the second science run
[4] P. R. Saulson, World Scientiﬁc 1994, Fundamentals of Interferometric Gravitational Wave
Detectors
[5] F. Marion, B. Mours and L. Rolland, Virgo note VIR-078A-08 (2008) h(t) reconstruction for
VSR1♯
[6] B. Mours and L. Rolland, Virgo note VIR-0340B-10 (2010) h(t) reconstruction for VSR2
[7] T. Accadia et al (Virgo collaboration), Class. Quantum Grav. 28 (2011) 025005, Calibration and
sensitivity of the Virgo detector during its second science run
[8] S. Vitale et al., Phys. Rev. D 85 064034 (2012), Effect of calibration errors on Bayesian parameter
estimation for gravitational wave signals from inspiral binary systems in the Advanced Detectors
era
[9] L. Lindblom, Phys. Rev. D 80 042005 (2009), Optimal Calibration Accuracy for Gravitational
Wave Detectors
[10] F. Acernese et al. (Virgo collaboration), Astroparticle Physics 33 (2010) 182-189, Measurement of
Superattenuartor seismic isolation by Virgo interferometer
[11] A. Bernardini et al., Rev. Sci. Instr. 70 (1999) 3463, Suspension last stage for the mirrors of the
Virgo interferometric gravitational wave antenna
[12] A. Bozzi et al. (Virgo collaboration), Rev. Sci. Instr. 73 (2002) 5, Last stage control and mechanical
transfer function measurement of the Virgo suspensions
[13] F. Acernese at al. (Virgo collaboration), Astroparticle Physics 33 (2010) 75 80, Performances of
the Virgo interferometer longitudinal control system
[14] M. Rakhmanov, J. D. Romano and J.T. Whelan, Class. Quantum Grav. 25 (2008) 184017, High-
frequency corrections to the detector response and their effect on searches for gravitational waves
[15] B. Swinkels, E. Campagna, G. Vajente, L. Barsotti, M. Evans, Virgo note VIR-0050A-08 (2008)
Longitudinal noise subtraction: the alpha-, beta- and gamma-technique
[16] X. Siemens et al., Class.Quant.Grav. 21 (2004) S1723-S1736, Making h(t) for LIGO
[17] B. Caron et al., Astroparticle Physics 10 (1999) 369-386, SIESTA, a time domain, general purpose
simulation program for the Virgo experiment
[18] T. Accadia et al., Proceedings of the MG12 Meeting on General Relativity, doi:
10.1142/9789814374552 0295, A Thermal Compensation System for the gravitational wave de-
tector Virgo
[19] R. Flaminio, International Journal of Modern Physics D, 9–3 (2000), Monitoring and adaptative
removal of the power supply harmonics applied to the Virgo read-out noise
♯ Virgo notes from https://tds.ego-gw.it/itf/tds/
33
[20] J. Abadie et al. (LSC and Virgo collaborations), Class. Quantum Grav. 27 (2010) 173001,
Predictions for the rates of compact binary coalescences observable by ground-based gravitational-
wave detectors
[21] L. Rolland, Virgo note VIR-052A-08 (2008), VSR1 cavity finesse measurements
[22] K. Mossavi et al., Phy. Lett. A, 353 (2006) 1-3, A photon pressure calibrator for the GEO 600
gravitational wave detector
[23] E.Goetz et al., Class. Quant. Grav., Vol. 26 (2009) 245011-23, Precise calibration of LIGO test
mass actuators using photon radiation pressure
[24] E. Goetz et al., Class. Quantum Grav., Vol. 27 (2010) 084024, Accurate calibration of test mass
displacement in the LIGO interferometers
[25] A. Sottile, 2010, University of Pisa, Pisa. LIGO tech. doc. P1100013. Characterization of the
Photon Calibrator Data from LIGO s Sixth Science Run
[26] S. Hild et al., Class. Quantum Grav. 24 (2007) 5681-5688, Photon-pressure-induced test mass
deformation in gravitational-wave detectors
[27] Colombini M. et al., Virgo note, VIR-007B-12 (2012), Virgo+ Thermal Noise Study
Appendix A. Control noise subtraction in the h(t) reconstruction
In total, four longitudinal degrees of freedom are controlled in Virgo, defined from the
lengths shown in figure 1:
• ∆L (or Darm), differential arm length, LN − LW ,
• Carm, common arm length, LN + LW ,
• Mich, differential length of the short Michelson: lN − lW ,
• Prcl, length of the power-recycling cavity: lPR +
lN+lW
2
The h(t) reconstruction combines different channels where the control noises might
be present in such a way that the noise is subtracted. As stated in section 3.4, techniques
of online control noise subtraction were successfully applied in Virgo. As a consequence,
as shown in section 5.3, the control noise was not limiting sensitivities, estimated in the
frequency-domain directly, or estimated from h(t).
In order to characterize further the performance of the reconstruction with respect
to control noise subtraction, specific data were taken right after VSR4 where the control
noise cancellation techniques were temporarily disabled. As expected in this case, the
sensitivity computed in frequency-domain was limited by control noise below∼ 100Hz as
shown in figure 1(a). On the contrary, as shown in figure 1(b), the sensitivity computed
from the time-domain channel h(t) was still the same as when the control noise was
subtracted online in the control loops. This indicates that the control noise is properly
subtracted in the reconstruction. As a consequence, the ratio of the two estimated
sensitivities gives an upper limit of the precision of the control noise subtraction in the
h(t) reconstruction: the residual contribution of the control noise in h(t) is below a few
percents.
In order to better estimate the noise subtraction performances in the h(t)
reconstruction, additional datasets were taken with the online noise subtraction
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Figure A1. (a) Sensitivity curves measured, at the same time, in the frequency-
domain (red) and in the time-domain (blue) with the online noise subtraction disabled.
(b) Sensitivity curves measured in the time-domain with the online noise subtraction
enabled (blue) and disabled (green), in two datasets separated by two minutes.
technique disabled and extra-noise added to the different controlled degrees of freedom
(Mich, Prcl, Carm and ∆L). The measured sensitivity curves estimated from the
frequency-domain and time-domain computations are shown in figure A2, as well as
the reference sensitivities measured with no noise injected. In this case, extra-noise is
visible in the reconstructed h(t) channel, which allows to estimate the precision of the
subtraction. Only a few percent of the control noise is present in the h(t) channel up to
at least ∼ 100 Hz. The ∆L degree of freedom is even rejected by more than a factor 100
below ∼ 20Hz. The subtraction of the noise in the Prcl degree of freedom is the least
efficient, as expected since it is known that the optical response model for PR mirror is
approximate at low frequency.
Note that during these measurements, the signal-to-noise ratio of the calibration
lines was lowered by a factor 2 to 3 due to the injected noise. As a consequence, the
noise subtraction might have been slightly less efficient than in standard conditions.
To conclude, in this appendix, the h(t) reconstruction was studied when using the
actuation and sensing parameterization given by the calibration procedures. It resulted
in noise rejection factors of the order of 100. Fine-tuning of the parameterizations
could be done in order to further improve the noise subtraction in the h(t) signal
reconstruction.
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Figure A2. Sensitivity curves estimated in the frequency-domain (red) and in the
time-domain (blue). Lighter lines indicate datasets with online noise cancellation and
no noise injected. Deeper lines indicate datasets without online noise cancellation and
with injection of control noises in the ITF.
